In this paper, the polarization response of a GaAs based twophoton absorption microcavity photodetector has been studied. The deviation in the dependence of the detector response from that of bulk GaAs is shown to be due to the birefringence of the cavity. A theoretical model based on the convolution of the cavity birefringence and the polarization dependence of two-photon absorption in GaAs is described and shown to match the measured polarization dependence of the microcavity detector very well. 
Introduction
Two-photon absorption (TPA) in semiconductors has recently received much attention as a means of carrying out a variety of pulse characterization techniques. The auto-correlation of pulses as short as 6 fs has been reported using TPA detectors [1] . TPA applications in optical telecommunications networks have also been demonstrated, such as optical performance monitoring [2] , optical sampling [3] and optical clock recovery [4] .
As TPA is a weak, non-linear process, a suitable detector structure or very tight focusing must be chosen to enable use at low input optical power. Improved responses have previously been reported for a number of different types of detectors such as photomultiplier tubes [5] , silicon avalanche photodiodes [6] and in waveguides [7] . Resonant enhancement of twophoton excited fluorescence in one-dimensional photonic crystals has been shown in [8] , and TPA enhancement in microcavities has been demonstrated by our group [9] .
In this paper, the polarization dependence of TPA in a GaAs/AlAs microcavity enhanced TPA detector is investigated. The microcavity detector consists of a bulk GaAs absorption region sandwiched between two distributed Bragg reflectors (DBR's). Previously, TPA enhancement of greater than 10,000 has been reported by our group, due to enhancement of the electric field in the absorption region once the resonance criteria of the structure has been satisfied [9] . Compared with other TPA detectors, the microcavity has the added advantage of having an integrated filter with a spectral width that can be selected by changing the reflectivity of the Bragg mirrors. The peak transmission of this filter response is angle tunable over a range greater than 35 nm [10] . In addition, the microcavity can be optimized for particular pulse durations by varying the Bragg mirror reflectivity, which in turn changes the cavity lifetime [11] .
In order to use these structures for TPA applications in which the polarization of the input signal is subject to change, we must first fully understand the TPA polarization dependence in these microcavities. The polarization dependence of the TPA coefficient is dependant on the crystalline orientation of the material [12] . The polarization dependence of TPA in (001) GaAs at 950 nm has been previously reported in [13] . As a linear polarization is rotated through 360 degrees, the TPA dependence is periodic, with a period of 90 degrees, and a variation of approximately 27 % in the TPA coefficient (β). For the microcavity the polarization dependence of the TPA process and the microcavity itself are convoluted. It is therefore necessary to characterize the additional contribution of the cavity effect to the intrinsic polarization dependence of bulk GaAs.
Theory and experiment
TPA measurements were carried out using a Ga 0.1 Al 0.9 As/Ga 0.88 Al 0.12 As microcavity which is resonant at λ = 1561 nm with a 1 λ thick GaAs absorption region. The cavity has 7 p-doped top mirror pairs and 24 n-doped bottom mirror pairs which optimize the cavity for pulses of 2 ps in duration [11] . The input optical signal is provided by an external cavity tunable diode laser which is modulated at 300 kHz with a duty cycle of 50 %. The signal is amplified by an erbium-doped-fiber-amplifier (EDFA) so as to allow the TPA-dominated regime to be accessed. The signal is also passed through a variable optical attenuator and a polarization controller. The polarization controller consists of an input polarizer and a half-and quarterwave plate. Using the polarization controller, the specific polarization of the input signal onto the detector can be set. The detector is placed away from the in-focus position so as to reduce the effect of angular components of the input beam, which can result in asymmetry of the measured TPA spectrum due to the angular dependence of the microcavity response.
The TPA microcavity photodetector also has some residual single-photon absorption (SPA) which is also enhanced by the microcavity [14] . The SPA polarization dependence of the microcavity photodetector was investigated first. The polarization state of the input signal was rotated through various states of linear polarization around the Poincaré sphere; see Fig.  1 . These scans were carried out with the average power held constant at 0.15 mW, which is low enough for the detected photocurrent to be dominated by SPA, as shown in Fig. 2 (inset), which shows the microcavity detector photocurrent as a function of incident power near the cavity resonance. The graph is plotted with a log-log scale on which a slope of two and slope of one correspond to the TPA and SPA dominant regimes, respectively. For bulk GaAs, SPA is independent of the linear polarization state but as can be seen in Fig. 1 there is a clear polarization dependence of the detected photocurrent. The deviation from the bulk material response can be explained by the birefringence of the cavity with the minimum and maximum of the SPA polarization dependence corresponding to the two eigenmodes of the cavity. Similar birefringence has previously been seen in vertical-cavity-surface-emitting-lasers (VCSEL's) which are similar in structure to these microcavities [15] . The eigenmodes are assumed to correspond to linear polarization states polarized in the [110] and [110] crystallographic directions [15] . The wavelength dependence of the photocurrent for states of polarization corresponding to the two eigenmodes is shown in Fig. 2 . The peak SPA photocurrent exhibits a 0.15 nm splitting between the two eigenmodes, providing a further indication of the birefringence of the cavity. Also these two eigenmodes have very different quality factors, as can be seen from the differences in their spectral widths. These spectral scans were repeated with a high average incident power of 37.8 mW, corresponding to the TPA-dominant regime, as can be seen in the inset of Fig. 2 , and a similar splitting in the TPA response is observed.
Further investigation of the polarization dependence of the microcavity photocurrent was performed by scanning the state of polarization from circular through linear and back to circular in the SPA dominant regime, as shown in Fig. 3 . SPA in bulk GaAs has no phase dependence, so the change in SPA photocurrent in Fig. 3 can again be explained by the birefringence of the cavity. As the ellipticity of the signal changes, so too does the ratio of the power coupled into each eigenmode. The cavity enhances the two eigenmodes differently, resulting in the polarization dependence seen in Fig. 3 . It has been previously reported in similar VCSEL structures that such a splitting is primarily attributable to the electro-optic effect, due to internal fields at the material junctions in the DBR's as well as a smaller contribution from strain associated with growth and processing [15] . Fig. 2 . Normalized photocurrent vs. wavelength for both high average power incidence and low average power incidence, corresponding to the TPA and SPA dominant regimes, respectively. The wavelength scans were carried out for the linear polarization states corresponding to the peak (θ = 90 0 ) and trough (θ = 0 0 ) of Fig. 1 . Fig. 2(inset) . Photocurrent vs. incident optical power curve carried out near the resonant wavelength.
The SPA polarization dependence of the microcavity can be found by calculating the enhancement by the microcavity for the two cavity eigenmodes. Once the enhancement of each of the modes is known, the SPA response of the microcavity for all input polarization states can be calculated. In order to characterize the enhancement of the cavity, the overall reflectivity of the cavity (R) for each of the eigenmodes must be determined. This can be calculated from the SPA photocurrent spectra in Fig. 2 . By fitting the spectral response of each of the two eigenmodes with a Lorentzian function, we can extract the bandwidth (BW) and the resonant wavelength (λ 0 ). The free spectral range (FSR) is given by FSR=λ 0 /2D where D is the effective optical cavity length and is theoretically calculated to be 1.97 μ m [14] . R can now be calculated using
and the cavity field enhancement factor is given by 
which describes the field in the cavity relative to the input electric field. Δ λ is the deviation of the wavelength being investigated from the resonant wavelength of the cavity which is used to determine the phase change with wavelength, which changes by 2π when the wavelength changes by one FSR. The SPA photocurrent generated in the TPA microcavity is described by 2 
SPA I
A e α = , where α is the SPA absorption coefficient and A is a constant; both parameters are polarization independent. The unknown polarization dependent parameter C x,y in (1) can be calculated by fitting the SPA photocurrent calculated from (1) to the data in Fig.  1 for each of the two eigenmodes (θ = 0° and 90° respectively). The full SPA linear polarization dependence of the cavity can be calculated for all states of linear polarization by calculating the amount of power coupled to each of the eigenmodes and then taking into account the relative enhancement of each mode using (1), as can be seen in Fig. 1 . Similarly, it is possible to fit the polarization dependence of the cavity for all elliptical polarizations, as there is no phase dependence for SPA in bulk GaAs. Once the power coupled into each eigenmode has been calculated, using (1) the SPA generated photocurrent for that polarization state can be calculated, the results of which are shown in Fig. 3 . As seen from both Fig. 1 and Fig. 3 , the theoretical results based on the above analysis agree very well with the experimental data, which suggests that the previous assumption that both eigenmodes are linearly polarized, and their orientations are related to the peak and trough of Fig. 1 , is valid. The case for TPA is slightly more complicated, as the TPA process in GaAs is polarization dependant. From Fig. 2 it can be seen that the resonance wavelength of the cavity is not the same for the TPA dominated regime as it is in the SPA dominated regime. This can be explained by the thermal tuning of the cavity because of the large difference in incident power levels used for the TPA and SPA dominant regimes. The dependence of TPA photocurrent on the orientation of the linear polarization state was recorded at three wavelengths around the cavity resonance, with constant average power incident, as shown in Fig. 4 . The local maxima (θ = 0° and 90°) correspond to the eigenmodes of the cavity. The difference between the amplitudes of the peaks is due to the birefringence of the cavity. In the absence of birefringence, the amplitude of both peaks would be the same for all wavelengths. The TPA photocurrent was also recorded as the input polarization state was scanned from circular to linear to circular along four different longitudinal axes of the Poincaré sphere, see Fig. 5 .
In order to model the polarization dependence of the TPA photocurrent, we must first calculate the intrinsic polarization dependence of TPA in GaAs and then couple it with the polarization dependence of the cavity as described for the SPA case. The TPA-generated photocurrent in the microcavity can be described by 4 TPA I B e β = , where β is the TPA absorption coefficient in the microcavity and B is a polarization independent constant. The polarization dependence of TPA in GaAs has previously been described in [12] χ ω ω ω − , etc. The value for σ in GaAs has been previously reported as −0.76 at 950 nm [13] . The value at 1550 nm has not previously been measured experimentally, but the theoretical value is approximately half the value reported at 950 nm value [12] . Similarly, a value for δ has not previously been measured at 1550 nm. Both σ and δ at 1550 nm are determined later in this paper. Using these parameters β can be expressed in a form similar to that used in [13] :
where ζ is the Jones matrix describing the polarization state with reference to the principal crystallographic axes of GaAs. In order to calculate the TPA photocurrent, the electric field inside the cavity has to be found first using (1), by decomposing the incident polarization into two orthogonal directions based on the two eigenmodes of the cavity. This is similar to the process used for the SPA photocurrent calculation. The Jones matrix describing the polarization state inside the cavity was then determined. To facilitate the use of (2) As in the SPA case, the polarization dependent parameter C x,y was found experimentally by fitting the calculated photocurrent to the linear polarization states corresponding to the two eigenmodes; see Fig. 4 . The calculated C x,y values are then used in calculations for all the other states of polarization. The mode splitting of the two eigenmodes is very small when compared with the spectral width, as shown in Fig. 2 . This shows that once the incident polarization is linear, the polarization inside the cavity does not significantly gain ellipticity, but its orientation will be changed slightly due to the enhancement difference of each of the eigenmodes. As the polarization remains linear, the change in the TPA coefficient will be dependent only on σ which can be determined by fitting the measured linear polarization dependence in Fig. 4 . We find that an excellent fit can be achieved for a value of σ equal to −0.33, as seen in Fig. 4 .
As the incident polarization gains ellipticity, the electric field inside the cavity can still be found through processes similar to those introduced above; however the polarization inside the cavity will be elliptical as well. For elliptical polarizations, the TPA coefficient will also depend on δ . With the value for σ obtained above and using δ as a fitting parameter, we can repeat the above fitting process on the measured curves in Fig. 5 . As can be seen in Fig. 5 , an excellent fit can be achieved for a value of δ equal to 0.068. The values calculated here of σ = -0.33 and δ = 0.068 are similar to the theoretical values predicted by [12] , which are σ = -0.487 and δ = 0.076 and were obtained using low temperature parameters of GaAs. Although the values reported in this paper were obtained at room temperature, they are still in good agreement with the values reported in [12] .
Conclusion
A full characterization of the polarization dependence of TPA and SPA in a GaAs-based microcavity photodetector has been carried out. The two eigenmodes of the cavity have been identified and shown to be separated by 0.15 nm, due to birefringence in the cavity. The effect of this birefringence on the field enhancement associated with the two cavity eigenmodes has been shown to explain the deviation of the polarization dependence of the microcavity structure from that of bulk GaAs. In order to characterize the polarization dependence of the TPA photocurrent in the microcavity detector, experimental values for σ and δ of −0.33 and 0.068, respectively, at a wavelength of 1550 nm in GaAs have been estimated at room temperature and shown to fit the experimental data very well.
